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Abstract: We study the Standard Model singlet (“right-handed”) sneutrino ν˜R dark mat-
ter in a class of U(1)′ extensions of the MSSM that originate from the breaking of the E6
gauge group. These models, which are referred to as UMSSM, contain three right–handed
neutrino superfields plus an extra gauge boson Z ′ and an additional SM singlet Higgs with
mass ' MZ′ , together with their superpartners. In the UMSSM the right sneutrino is
charged under the extra U(1)′ gauge symmetry; it can therefore annihilate via gauge inter-
actions. In particular, for Mν˜R ' MZ′/2 the sneutrinos can annihilate by the exchange of
(nearly) on–shell gauge or Higgs bosons. We focus on this region of parameter space. For
some charge assignment we find viable thermal ν˜R dark matter for mass up to ∼ 43 TeV.
This is the highest mass of a good thermal dark matter candidate in standard cosmology
that has so far been found in an explicit model. Our result can also be applied to other
models of spin−0 dark matter candidates annihilating through the resonant exchange of a
scalar particle. These models cannot be tested at the LHC, nor in present or near–future
direct detection experiments, but could lead to visible indirect detection signals in future
Cherenkov telescopes.ar
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1 Introduction
Supersymmetry (SUSY) is one of the best motivated theories to describe new physics beyond
the Standard Model (SM) at the TeV scale. It introduces a space-time symmetry that relates
bosons and fermions which can be used to cancel the quadratic divergences that appears in
the radiative corrections of the masses of scalar bosons, providing thus a natural solution to
the hierarchy problem of the SM. It allows the gauge couplings to unify at a certain grand
unified scale in the vicinity of the Planck scale [1–3] and this can be seen as a clear hint
that SUSY is the next step towards a grand unified theory (GUT) [4].
One of the most interesting features of low energy supersymmetric models with con-
served R parity is that the lightest supersymmetric particle (LSP) is absolutely stable and
behaves as a realistic weakly interacting massive particle (WIMP) dark matter (DM) can-
didate [5, 6]. Since WIMPs have non–negligible interactions with SM particles, they can
be searched for in a variety of ways. Direct WIMP search experiments look for the recoil
of a nucleus after elastic WIMP scattering. These experiments have now begun to probe
quite deeply into the parameter space of many WIMP models [7, 8]. The limits from these
experiments are strongest for WIMP masses around 30 to 50 GeV. For lighter WIMPs the
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recoil energy of the struck nucleus might be below the experimental threshold, whereas the
sensitivity to heavier WIMPs suffers because their flux decreases inversely to the mass.
It is therefore interesting to ask how heavy a WIMP can be. As long as no positive
WIMP signal has been found, an upper bound on the WIMP mass can only be obtained
within a specific production mechanism, i.e. within a specific cosmological model. In
particular, nonthermal production from the decay of an even heavier, long–lived particle
can reproduce the correct relic density for any WIMP mass, if the mass, lifetime and decay
properties of the long–lived particle are chosen appropriately [9]. Here we stick to standard
cosmology, where the WIMP is produced thermally from the hot gas of SM particles.
The crucial observation is that the resulting relic density is inversely proportional to the
annihilation cross section of the WIMP [10]. It has been known for nearly thirty years that
the unitarity limit on the WIMP annihilation cross section leads to an upper bound on its
mass [11]. Using the modern determination of the DM density [12],
ΩDMh
2 = 0.1188± 0.0010 , (1.1)
the result of [11] translates into the upper bound
mχ ≤ 120 TeV . (1.2)
While any elementary WIMP χ has to obey this bound, it is not very satisfying. Not
only is the numerical value of the bound well above the range that can be probed even by
planned colliders; a particle that interacts so strongly that the annihilation cross section
saturates the unitarity limit can hardly be said to qualify as a WIMP. In order to put this
into perspective, let us have a look at the upper bound on the WIMP mass in specific
models.
An SU(2) non–singlet WIMP can annihilate into SU(2) gauge bosons with full SU(2)
gauge strength. For a spin−1/2 fermion and using tree–level expressions for the cross
section, this will reproduce the desired relic density (1.1) for mχ ' 1.1 TeV for a doublet
(e.g., a higgsino–like neutralino in the MSSM [13]); about 2.5 TeV for a triplet (e.g., a
wino–like neutralino in the MSSM [13]); and 4.4 TeV for a quintuplet [14]. Including large
one–loop (“Sommerfeld”) corrections increases the desired value of the quintuplet mass to
about 9.6 TeV [15].
One way to increase the effective WIMP annihilation cross section is to allow for co–
annihilation with strongly interacting particles [16]. Co–annihilation happens if the WIMP
is close in mass to another particle χ′, and reactions of the kind χ + f ↔ χ′ + f ′, where
f, f ′ are SM particles, are not suppressed. In this case χχ′ and χ′χ′ annihilation reactions
effectively contribute to the χ annihilation cross section. If χ′ transforms non–trivially
under SU(3)C , the χ′χ′ annihilation cross section can be much larger than that for χχ
initial states. On the other hand, χ′ then effectively also counts as Dark Matter, increasing
the effective number of internal degrees of freedom of χ. For example, in the context of the
MSSM, co–annihilation with a stop squark [17] can allow even SU(2) singlet (bino–like)
DM up to about 3.3 TeV [18], or even up to ∼ 6 TeV if the mass splitting is so small
that the lowest stoponium bound state has a mass below twice that of the bino [19]. Co–
annihilation with the gluino [20] can put this bound up to ∼ 8 TeV [21]. Very recently it
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has been pointed out that nonperturbative co–annihilation effects after the QCD transition
might allow neutralino masses as large as 100 TeV if the mass splitting is below the hadronic
scale [22]; the exact value of the bound depends on non–perturbative physics which is not
well under control.
The WIMP annihilation cross section can also be greatly increased if the WIMP mass
is close to half the mass of a potential s−channel resonance R. Naively this can allow the
cross section to (nearly) saturate the unitarity limit, if one is right on resonance. In fact the
situation is not so simple [16], since the annihilation cross section has to be thermally aver-
aged: because WIMPs still have sizable kinetic energy around the decoupling temperature,
this average smears out the resonance. In the MSSM the potentially relevant resonances
for heavy WIMPs are the heavy neutral Higgs bosons; in particular, neutralino annihilation
through exchange of the CP–odd Higgs A can occur from an S−wave initial state [23].
However, the neutralino coupling to Higgs bosons is suppressed by gaugino–higgsino mix-
ing; it will thus only be close to full strength if the higgsino and gaugino mass parameters
are both close to MA/2.
In this paper we therefore focus on models where the MSSM is extended by an extra
U(1)′ group, yielding the “UMSSM”. This not only gives rise to a new gauge boson Z ′,
but also to an additional Higgs field s whose vacuum expectation value (VEV) breaks
the additional U(1)′. This can provide a natural solution to the µ problem of the MSSM
[24] where the µ term is generated dynamically by the VEV of s [25]. Although this
solution is similar to the one provided by the next-to-minimal supersymmetric standard
model (NMSSM) [26], the UMSSM is free of the cosmological domain wall problem because
the U(1)′ symmetry forbids the appearance of domain walls which are created by the Z3
discrete symmetry of the NMSSM [27].
For concreteness we work in the E6 inspired version of the UMSSM. Models of this kind
were first studied more than 30 years ago in the wake of the first “superstring revolution”
[28, 29]. This framework allows to study a wide range of U(1)′ groups, since E6 contains
two U(1) factors beyond the SM gauge group.
We also add three SM singlet right–handed neutrino superfields NˆCi to the spectrum.
Their fermionic members are needed to cancel anomalies related to the U(1)′. Moreover,
the scalar members ν˜R,i of these superfields make good WIMP candidates [30–36]. This is
in contrast with the left–handed sneutrinos of the MSSM, which have been ruled out as
DM candidates by direct WIMP searches because their scattering cross sections on nuclei
are too large [37]. Right–handed sneutrinos have small scattering cross sections on nuclei.
Moreover, being scalar SU(2) singlets, a right–handed sneutrino only has two degrees of
freedom; in contrast, a higgsino–like neutralino, which also has unsuppressed couplings to
the Z ′ boson in many cases, effectively has eight (an SU(2) doublet of Dirac fermions, once
co–annihilation has been included).
While the new Higgs superfield Sˆ is a singlet under the SM gauge group, it is charged
under U(1)′. This forbids an Sˆ3 term in the superpotential. Hence the quartic scalar
interaction of this field is determined uniquely by its U(1)′ charge. As a result, the mass of
the physical, CP–even Higgs boson h3 is automatically very close to that of the Z ′ boson,
in the relevant limit MZ′  MZ . Hence for Mν˜R,1 ' MZ′/2 the annihilation cross section
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of the lightest right–handed sneutrino ν˜R,1 is enhanced by two resonances. Out of those,
the exchange of h3 is more important since it can be accessed from an S−wave initial
state. For a complex scalar, Z ′ exchange is accessible only from a P−wave initial state,
which suppresses the thermally averaged cross section. Notice that the h3ν˜R,iν˜∗R,i coupling
contains terms that are proportional to the VEV of s, which sets the scale of the Z ′ mass;
for Mν˜R,1 ' MZ′/2 this dimensionful coupling therefore does not lead to a suppression of
the cross section. Finally, the couplings of h3 to the doublet Higgs bosons can be tuned by
varying a trilinear soft breaking term. This gives another handle to maximize the thermally
averaged ν˜R,1 annihilation cross section in the resonance region.
The remainder of this paper is organized as follows. In section 2 we describe the
theoretical framework of the UMSSM and discuss its particle content, with a particular
emphasis on the gauge, Higgs, sneutrino and neutralino sectors. We describe the calculation
of the relic density, and explain our procedure to minimize it in section 3. In section 4 we
first present the results of our numerical analysis for two specific U(1)′ models derived
from E6 and then, after following the same procedure in other U(1)′ models, we show
the distribution of the DM upper limit of the RH sneutrino mass in the whole UMSSM;
prospects of probing such scenarios experimentally are also discussed. Finally, section 5
summarizes and concludes the paper.
2 The UMSSM
2.1 Model Description
We focus on Abelian extensions of the MSSM with gauge group SU(3)C×SU(2)L×U(1)Y ×
U(1)′, which can result from the breaking of the E6 gauge symmetry [28, 29]. In other words,
it can be seen as the low energy limit of a – possibly string-inspired – E6 grand unified
gauge theory. E6 contains SO(10) × U(1)ψ and, since SO(10) can be decomposed into
SU(5)× U(1)χ where SU(5) contains the entire gauge group of the SM, one can break E6
into SU(3)C × SU(2)L × U(1)Y × U(1)ψ × U(1)χ. Here we assume that only one extra
U(1) factor survives at the relevant energy scale, which in general is a linear combination
of U(1)ψ and U(1)χ, parameterized by a mixing angle θE6 [29]
U(1)′ = sin θE6U(1)
′
ψ + cos θE6U(1)
′
χ , (2.1)
with θE6 ∈ [−pi2 , pi2 ]. The U(1)′ charges of all the fields contained in the model are then
given by
Q′(θE6) = sin θE6Q
′
ψ + cos θE6Q
′
χ , (2.2)
where Q′ψ and Q
′
χ are the charges associated to the gauge groups U(1)′ψ and U(1)
′
χ, respec-
tively. In addition to the new vector superfield Bˆ′ and the MSSM superfields, the UMSSM
contains one electroweak singlet supermultiplet Sˆ ≡ (s, s˜), with a scalar field s that breaks
the U(1)′ gauge symmetry, and three RH neutrino supermultiplets Nˆ ci ≡ (ν˜cR, νcR)i.
In Table 1 we give the U(1)′ charge of all relevant matter and Higgs fields in the UMSSM
for certain values of the mixing angle θE6 . It should be noted that U(1)ψ and U(1)χ are both
anomaly–free over complete (fermionic) representations of E6. Since U(1)χ is a subgroup of
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2
√
6Q′ψ 2
√
10Q′χ 2
√
10Q′N 2
√
15Q′η 2
√
15Q′S 2Q
′
I
θE6
pi
2 0 arctan
√
15 − arctan√5/3 arctan(√15/9) arctan√3/5
Q′Q 1 -1 1 -2 -1/2 0
Q′
UC
1 -1 1 -2 -1/2 0
Q′
DC
1 3 2 1 4 -1
Q′L 1 3 2 1 4 -1
Q′
NC
1 -5 0 -5 -5 1
Q′
EC
1 -1 1 -2 -1/2 0
Q′Hu -2 2 -2 4 1 0
Q′Hd -2 -2 -3 1 -7/2 1
Q′S 4 0 5 -5 5/2 -1
Table (1) U(1)′ charges of the chiral superfields contained in the UMSSM, for certain
values of θE6 .
SO(10), which is also anomaly–free over complete representations of SO(10), and the SM
fermions plus the right–handed neutrino complete the 16−dimensional representation of
SO(10), U(1)χ is anomaly–free within the fermion content we show in the table. However,
U(1)ψ will be anomaly–free only after we include the “exotic” fermions that are contained
in the 27−dimensional representation of E6, but are not contained in the 16 of SO(10).
Here we assume that these exotic superfields are too heavy to affect the calculation of the
ν˜R,1 relic density. We will see that this assumption is not essential for our result.
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Figure (1) U(1)′ charges of all the chiral superfields of the UMSSM as function of θE6 .
Figure 1 shows these charges as functions of the mixing angle θE6 . We identify by
vertical lines values of θE6 that generate the well–known U(1)′ groups denoted by U(1)′ψ,
U(1)′N , U(1)
′
I , U(1)
′
S , U(1)
′
χ and U(1)′η. The black curve in Fig. 1 shows that for θE6 =
arctan
√
15 the U(1)′ charge of the RH (s)neutrinos vanishes; this corresponds to the U(1)′N
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model of Table 1. This model is not of interest to us, since the ν˜R,i are then complete gauge
singlets, and do not couple to any potential s−channel resonance. Similarly, for θE6 = 0, i.e.
U(1)′ = U(1)′χ, the charge of Sˆ vanishes; in that case s cannot be used to break the gauge
symmetry, i.e. the field content we have chosen is not sufficient to achieve the complete
breaking of the (extended) electroweak gauge symmetry down to U(1)QED. All other values
of θE6 are acceptable for us.
The superpotential of the UMSSM contains, besides the MSSM superpotential without
µ term, a term that couples the extra singlet superfield to the two doublet Higgs super-
fields; this term is always allowed, since it is part of the gauge invariant 273 of E6. The
superpotential also contains Yukawa couplings for the neutrinos. We thus have:
Wˆ = WˆMSSM |µ=0 + λSˆHˆu · Hˆd + NˆCYνLˆ · Hˆu , (2.3)
where · stands for the antisymmetric SU(2) invariant product of two doublets. The neutrino
Yukawa coupling Yν is a 3×3 matrix in generation space and λ is a dimensionless coupling.
Note that for θE6 6= 0 the U(1)′ symmetry forbids both bilinear NˆCi NˆCj and trilinear
SˆNˆCi Nˆ
C
j terms in the superpotential. In this model the neutrinos therefore obtain pure
Dirac masses, which means that the Yukawa couplings Yν,ij must be of order 10−11 or less;
in our numerical analysis we therefore set Yν = 0.
The electroweak and the U(1)′ gauge symmetries are spontaneously broken when, in
the minimum of the scalar potential, the real parts of the doublet and singlet Higgs fields
acquire non–zero vacuum expectation values. These fields are expanded as
H0d =
1√
2
(vd + φd + iσd) ; (2.4a)
H0u =
1√
2
(vu + φu + iσu) ; (2.4b)
s =
1√
2
(vs + φs + iσs) . (2.4c)
We define tanβ = vuvd and v =
√
v2d + v
2
u exactly as in the MSSM; this describes the breaking
of the SU(2)L × U(1)Y symmetry, and makes subleading contributions to the breaking of
U(1)′. The latter is mostly accomplished by the VEV of s. The coupling λ in eq.(2.3) then
generates an effective µ−term:
µeff = λ
vs√
2
. (2.5)
As well known, supersymmetry needs to be broken. We parameterize this by soft
breaking terms [38]:
−LSB = m2Hd |Hd|2 +m2Hu |Hu|2 +m2S |s|2 + Q˜†m2Q˜Q˜+ d˜
†
Rm
2
D˜C
d˜R
+ u˜†Rm
2
U˜C
u˜R + L˜
†m2
L˜
L˜+ e˜†Rm
2
E˜C
e˜R + ν˜
†
Rm
2
N˜C
ν˜R
+
1
2
(
M1λB˜λB˜ +M2λW˜λW˜ +M3λg˜λg˜ +M4λB˜′λB˜′ + h.c.
)
(2.6)
+
(
u˜CRTuQ˜L ·Hu − d˜CRTdQ˜L ·Hd − e˜CRTeL˜L ·Hd + TλsHu ·Hd + ν˜CRTνL˜L ·Hu + h.c.
)
.
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Here we have used the notation of SPheno [39, 40]. The soft scalar masses and the soft
trilinear parameters of the sfermions are again 3 × 3 matrices in generation space. In the
UMSSM, the Bµ term of the MSSM is induced by the Tλ term after the breaking of the
U(1)′ gauge symmetry.
In the following subsections we discuss those parts of the spectrum in a bit more detail
that are important for our calculation. These are the sfermions, in particular sneutrinos; the
massive gauge bosons; the Higgs bosons; and the neutralinos. The lightest right–handed
sneutrino is assumed to be the LSP, which annihilates chiefly through the exchange of
massive gauge and Higgs bosons in the s−channel. Requiring the lightest neutralino to
be sufficiently heavier than the lightest right–handed sneutrino gives important constraints
on the parameter space. The mass matrices in these subsections have been obtained with
the help of the computer code SARAH [41–43]; many of these results can also be found in
refs. [34–36].
2.2 Sfermions
In the UMSSM, the U(1)′ gauge symmetry induces some new D−term contributions to the
masses of all sfermions with nonvanishing U(1)′ charges. These modify the diagonal entries
of the MSSM sfermion mass matrices:
∆F =
1
2
g′2Q′F
(
Q′Hdv
2
d +Q
′
Huv
2
u +Q
′
Sv
2
s
)
, (2.7)
where g′ is the U(1)′ gauge coupling and F ∈ {Q,L,DC , UC , EC , NC}. LHC searches for
Z ′ production in the dilepton channel imply [7] M2Z′  M2Z , and hence v2s  v2u, v2d. The
first two terms on the right–hand side (RHS) of eq.(2.7) are therefore essentially negligible.
However, due to the contribution ∝ v2s these D−terms can dominate the sfermion masses.
Moreover, depending on the value of θE6 these terms can be positive or negative. For
example, Fig. 1 shows that for arctan
√
15 < θE6 <
pi
2 all the sfermion masses receive
positive corrections, the corrections to the RH sneutrino masses being the smallest ones. In
contrast, for 0 < θE6 < arctan
√
15 the D−term contribution to the RH sneutrino masses
is negative. For θE6 < 0 the RH sneutrino masses again receive positive corrections from
this D−term.
The tree–level sneutrino mass matrix written in the basis (ν˜L, ν˜R) is
M2ν˜ =
(
m2ν˜Lν˜∗L
−12vdvsλY∗ν + 1√2vuT∗ν
−12vdvsλYTν + 1√2vuTTν m2ν˜Rν˜∗R
)
. (2.8)
The 3× 3 sub–matrices along the diagonal are given by:
m2ν˜Lν˜∗L
=
[
∆L +
1
8
(
g21 + g
2
2
)(
v2d − v2u
)]
1+
1
2
v2uY
∗
νY
T
ν +m
2
L˜
; (2.9a)
m2ν˜Rν˜∗R
= ∆NC1+
1
2
v2uY
T
νY
∗
ν +m
2
N˜C
, (2.9b)
where g1 and g2 are the U(1)Y and SU(2)L gauge couplings, respectively. As noted earlier,
the neutrino Yukawa couplings have to be very small. We therefore set Yν = Tν = 0, so
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that the 6×6 matrix (2.8) decomposes into two 3×3 matrices.1 Since all interactions of the
ν˜R fields are due to U(1)′ gauge interactions which are the same for all generations, we can
without loss of generality assume that the matrix m2
N˜C
of soft breaking masses is diagonal.
The physical masses of the RH sneutrinos are then simply given by m2ν˜R,i = m
2
N˜Ci
+ ∆NC .
Our LSP candidate is the lightest of the three ν˜R states, which we call ν˜R,1.
2.3 Gauge Bosons
The UMSSM contains three neutral gauge bosons, from the SU(2)L, U(1)Y and U(1)′,
respectively. As in the SM and MSSM, after symmetry breaking one linear combination
of the neutral SU(2)L and U(1)Y gauge bosons remains massless; this is the photon. The
orthogonal state Z0 mixes with the U(1)′ gauge boson Z ′0 via a 2× 2 mass matrix:
M2ZZ′ =
(
M2Z0 ∆Z
∆Z M
2
Z′0
)
, (2.10)
with
M2Z0 =
1
4
(g21 + g
2
2)v
2 ; (2.11)
∆Z =
1
2
g′
√
g21 + g
2
2
(
Q′Hdv
2
d −Q′Huv2u
)
; (2.12)
M2Z′0
= g′2
(
Q′2Hdv
2
d +Q
′2
Huv
2
u +Q
′2
S v
2
s
)
. (2.13)
Recall that g2, g1 and g′ are the gauge couplings associated to SU(2)L, U(1)Y and U(1)′,
respectively. The eigenstates Z and Z ′ of this mass matrix can be written as:
Z = cosαZZ′Z0 + sinαZZ′Z
′
0 ;
Z ′ = − sinαZZ′Z0 + cosαZZ′Z ′0 . (2.14)
The mixing angle αZZ′ is given by
sin 2αZZ′ =
2∆Z
M2Z −M2Z′
. (2.15)
The masses of the physical states are
M2Z,Z′ =
1
2
[
M2Z0 +M
2
Z′0
∓
√(
M2
Z′0
−M2Z0
)2
+ 4∆2Z
]
. (2.16)
Note that the off–diagonal entry ∆Z in eq.(2.10) is of order v2. We are interested in Z ′
masses in excess of 10 TeV, which implies v2s  v2. The mixing angle αZZ′ is O(M2Z/M2Z′),
which is automatically below current limits [7] if MZ′ ≥ 10 TeV. Moreover, mass mixing
increases the mass of the physical Z ′ boson only by a term of order M4Z/M
3
Z′ , which is less
1Strictly speaking some neutrino Yukawa couplings have to be nonzero in order to generate the required
sub–eV neutrino masses. However, the ν˜L − ν˜R mixing induced by these tiny couplings is completely
negligible for our purposes.
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than 0.1 MeV for MZ′ ≥ 10 TeV. To excellent approximation we can therefore identify the
physical Z ′ mass with MZ′0 given in eq.(2.13), with the last term ∝ v2s being the by far
dominant one.
Recall from the discussion of the previous subsection that the mass of the right–handed
sneutrinos can get a large positive contribution from the U(1)′ D−term for some range of
θE6 . In fact, from eqs.(2.7) and (2.13) together with the charges listed in Table 1 we find
that this D−term contribution exceeds (MZ′/2)2 if
−
√
15 < tan θE6 < 0 . (2.17)
For this range of θE6 one therefore needs a negative squared soft breaking contributionm2N˜C1
in order to obtain Mν˜R,1 'MZ′/2.
Note that we neglect kinetic Z−Z ′ mixing [36, 44]. In the present context this is a loop
effect caused by the mass splitting of members of the 27 of E6. This induces small changes
of the couplings of the physical Z ′ boson, which have little effect on our result; besides, this
loop effect should be treated on the same footing as other one–loop corrections.
2.4 The Higgs Sector
The Higgs sector of the UMSSM contains two complex SU(2)L doublets Hu,d and the
complex singlet s. Four degrees of freedom get “eaten” by the longitudinal components
of W±, Z and Z ′. This leaves three neutral CP–even Higgs bosons hi, i ∈ {1, 2, 3}, one
CP-odd Higgs boson A and two charged Higgs bosons H± as physical states. After solving
the minimization conditions of the scalar potential for the soft breaking masses of the
Higgs fields, the symmetric 3 × 3 mass matrix for the neutral CP–even states in the basis
(φd, φu, φs) has the following tree–level elements:(M0+)φdφd = [g21 + g224 + (Q′Hd)2g′2]v2d + Tλvsvu√2vd ; (2.18a)(M0+)φdφu = −[g21 + g224 − g′2Q′HdQ′Hu − λ2]vdvu − Tλvs√2 ; (2.18b)(M0+)φdφs = [g′2Q′HdQ′S + λ2]vdvs − Tλvu√2 ; (2.18c)(M0+)φuφu = [g21 + g224 + (Q′Hu)2g′2]v2u + Tλvsvd√2vu ; (2.18d)(M0+)φuφs = [g′2Q′HuQ′S + λ2]vuvs − Tλvd√2 ; (2.18e)(M0+)φsφs = g′2(Q′S)2v2s + Tλvdvu√2vs . (2.18f)
In general the eigenstates and eigenvalues of this mass matrix have to be obtained numeri-
cally. We denote the mass eigenstates by h1, h2, h3, ordered in mass.
The tree level mass of the single physical neutral CP–odd state is
M2A|tree =
√
2Tλ
sin 2β
vs
(
1 +
v2
4v2s
sin2 2β
)
. (2.19)
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In our sign convention, tanβ and vs are positive in the minimum of the potential; eq.(2.19)
then implies that Tλ must also be positive. As in the MSSM M2A differs from the squared
mass of the physical charged Higgs boson only by terms of order v2:
M2H+ |tree = M2W+ +
√
2Tλ
sin 2β
vs − λ
2
2
v2 . (2.20)
Both A andH± are constructed from the components ofHu andHd, without any admixture
of s.
Recall that we are interested in the limit vs  v. Eqs.(2.18) show that the entries
mixing the SU(2)L singlet with the doublets are of order vsv or Tλv, whereas the diagonal
mass of the singlet is of order v2s . The mixing between singlet and doublet states is therefore
small. Moreover, we will work in the MSSM–like decoupling limitM2A M2Z , which ensures
that the lightest neutral CP–even Higgs boson has couplings close to those of the SM Higgs.
Its mass can then approximately be written as [36, 45]:
M2h1 |tree '
1
4
(g21 + g
2
2)v
2 cos2 2β +
1
2
λ2v2 sin2 2β + g′2v2
(
Q′Hd cos
2 β +Q′Hu sin
2 β
)2
− v
2
g′2(Q′S)2
[
λ2 − Tλ sin
2 2β√
2vs
+ g′2Q′S
(
Q′Hd cos
2 β +Q′Hu sin
2 β
) ]2
. (2.21)
The first term on the RHS is as in the MSSM. The second term is an F−term contribution
that also appears in the NMSSM, while the third term is due to the U(1)′ D− term. These
terms are positive. The second line is due to mixing between singlet and doublet states;
note that this mixing always reduces the mass of the lighter eigenstate, but increases the
mass of the heaviest state h3. As well known, the mass of h1 also receives sizable loop
corrections, in particular from the top–stop sector [46, 47]; we will briefly discuss them
below when we describe our numerical procedures.
As noted above, in the limit vs  v the mixing between singlet and doublet states can
to first approximation be neglected. Here we chose the heaviest state to be (mostly) singlet.
From the last eq.(2.18) and eq.(2.13) we derive the important result
M2Z′ |tree 'M2h3 |tree +O(v2) . (2.22)
Here we have assumed |Tλ| ≤ vs because for larger values of |Tλ| the mass of the heavy
doublet Higgs can exceed the mass of the singlet state. As we will see, in the region of
parameter space that minimizes the ν˜R,1 relic density we need MA < Mν˜R,1 .
Eq.(2.22) leads to an h3 − Z ′ mass splitting of order M2Z/MZ′ , which is below 1 GeV
for MZ′ > 10 TeV. Loop corrections induce significantly larger mass splittings, with MZ′ >
Mh3 ; however, the splitting still amounts to less than 1% in the relevant region of parameter
space, which is well below the typical kinetic energy of WIMPs in the epoch around their
decoupling from the thermal bath. We thus arrive at the important result thatMν˜R,1 'MZ′
automatically implies Mν˜R,1 'Mh3 in our set–up, so that ν˜R,1 annihilation is enhanced by
two nearby resonances.
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2.5 Neutralinos
The neutralino sector is formed by the fermionic components of the neutral vector and
Higgs supermultiplets. So, in addition to the neutralino sector of the MSSM, the UMSSM
has another gaugino state associated with the U(1)′ gauge symmetry and a singlino state
that comes from the extra scalar supermultiplet Sˆ. The neutralino mass matrix written in
the basis
(
λB˜, W˜
0, H˜0d , H˜
0
u, S˜, λB˜′
)
is:
Mχ˜0 =

M1 0 −12g1vd 12g1vu 0 0
0 M2
1
2g2vd −12g2vu 0 0
−12g1vd 12g2vd 0 −µeff − 1√2vuλ g′Q′Hdvd
1
2g1vu −12g2vu −µeff 0 − 1√2vdλ g′Q′Huvu
0 0 − 1√
2
vuλ − 1√2vdλ 0 g′Q′Svs
0 0 g′Q′Hdvd g
′Q′Huvu g
′Q′Svs M4

. (2.23)
This matrix is diagonalized by a unitary 6 × 6 matrix N which gives the mass eigenstates
(in order of increasing mass) χ˜01, χ˜02, χ˜03, χ˜04, χ˜05, χ˜06 as a linear combinations of the current
eigenstates. We have ignored a possible (gauge invariant) mixed B˜B˜′ mass term [48, 49].
Note that the singlet higgsino (singlino for short) S˜ and the U(1)′ gaugino B˜′ mix
strongly, through an entry of order vs. On the other hand, these two new states mix with
the MSSM only through entries of order v. Therefore the eigenvalues of the lower–right 2×2
submatrix in eq.(2.23) are to good approximation also eigenvalues of the entire neutralino
mass matrix. Note that the smaller of these two eigenvalues decreases with increasing M4.
Requiring this eigenvalue to be larger than Mν˜R,1 'MZ′/2 therefore implies
|M4| < 3
2
MZ′ . (2.24)
Moreover, the smallest mass of the MSSM–like states should also be larger than MZ′/2,
which implies
|M1| > 1
2
MZ′ ; |M2| > 1
2
MZ′ ; |λ| > 1√
2
|QSg′| . (2.25)
We have used eqs.(2.5) and (2.13) in the derivation of the last inequality.
We finally note that the chargino sector of the UMSSM is identical to that of the
MSSM, with µ→ µeff .
3 Minimizing the Relic Abundance of the Right-Handed Sneutrino
As described in the Introduction, we want to find the upper bound on the mass of the lightest
RH sneutrino ν˜R,1 from the requirement that it makes a good thermal WIMP in standard
cosmology. As well known [10], under the stated assumptions the WIMP relic density is
essentially inversely proportional to the thermal average of its annihilation cross section
into lighter particles; these can be SM particles or Higgs bosons of the extended sector.
The upper bound on Mν˜R,1 will therefore be saturated for combinations of parameters that
maximize the thermally averaged ν˜R,1ν˜∗R,1 annihilation cross section.
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All relevant couplings of the RH sneutrinos are proportional to the U(1)′ gauge coupling
g′. In particular, two RH sneutrinos can annihilate into two neutrinos through exchange of
a U(1)′ gaugino. This, and similar reactions where one or both particles in the initial and
final state are replaced by antiparticles, are typical electroweak 2 → 2 reactions without
enhancement factors. They will therefore not allow RH sneutrino masses in the multi–TeV
range.
In contrast, ν˜R,1ν˜∗R,1 annihilation through Z
′ and scalar h3 exchange can be resonantly
enhanced if Mν˜R,1 ' MZ′/2; recall that Mh3 ' MZ′ is automatic in our set–up, if h3 is
mostly an SM singlet, as we assume. Note that the Z ′ exchange can only contribute if the
sneutrinos are in a P−wave. This suppresses the thermal average of the cross section by a
factor ≥ 7. For comparable couplings, h3 exchange, which is depicted in Fig. 2, is therefore
more important.
h3
C1 Ch3φiφ∗j
ν˜∗R
ν˜R φ
∗
j
φi
Figure (2) Main annihilation process for the annihilation of RH sneutrinos. The final state
can contain both physical Higgs particles and the longitudinal components of the weak W
and Z gauge bosons, which are equivalent to the corresponding would–be Goldstone modes.
In the h3 resonance region the annihilation cross section scales like
σann ∝
(Q′
NC
)2
M2ν˜R,1
. (3.1)
Since the h3ν˜R,1ν˜∗R,1 coupling, denoted by C1 in Fig. 2, originates from the U(1)
′ D−term,
it is proportional to the product of S and NC charges:
|C1| ' g′2
∣∣Q′NCQ′Svs∣∣ . (3.2)
These charges are determined uniquely once the angle θE6 has been fixed. The denominator
in eq.(3.1) results from dimensional arguments, using the fact that there is essentially only
one relevant mass scale once the resonance condition has been imposed.2
Note that near the resonance the annihilation cross section is effectively only O(α′),
not O(α′2), where α′ = g′2/(4pi). The ν˜R,1ν˜∗R,1 annihilation cross section is then larger than
typical co–annihilation cross sections, if the latter are not resonantly enhanced. Even co–
annihilation with a superparticle that can also annihilate resonantly (e.g., a higgsino–like
2The couplings C1 and Ch3φiφ∗j in Fig. 2 carry dimension of mass. They are dominated by the VEV vs,
which is proportional to MZ′ 'Mh3 , and hence to Mν˜R,1 if the resonance condition is satisfied.
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neutralino) will not increase the effective annihilation cross section, but will increase the
effective number of degrees of freedom per dark matter particle gχ. As a result, we find that
co–annihilation reduces the upper bound on Mν˜R,1 . For example, if all three RH sneutrinos
have the same mass, the upper bound on this mass decreases by a factor of
√
3, since the
annihilation cross section has to be increased by a factor of 3 in order to compensate the
increase of gχ. We therefore require that the lightest neutralino is at least 20% heavier than
ν˜R,1.
As noted earlier, the initial–state coupling C1 in Fig. 2 is essentially fixed by θE6 . The
upper bound on Mν˜R,1 for given θE6 can therefore be found by optimizing the final state
couplings. We find that the relic density is minimized if the effective final state coupling C2,
defined more precisely below, is of the same order as C1. This can be understood as follows.
For much larger values of C2 the width of h3 increases, which reduces the cross section.
On the other hand, since the peak of the thermally averaged cross section is reached for
Mν˜R,1 slightly below Mh3/2 [16], h3 → ν˜R,1ν˜∗R,1 decays are allowed, and dominate the total
h3 width if C2  C1; in this case increasing C2 will clearly increase the cross section, i.e.
reduce the relic density.
The only sizable couplings of the singlet–like Higgs state h3 to particles with even
R−parity (i.e., to particles possibly lighter than the LSP ν˜R,1) are to members of the Higgs
doublets. h3 couples to Hu and Hd through the U(1)′ D−term, with contributions ∝
g′2Q′SQ
′
Hu,Hd
vs; through F−terms associated to the coupling λ, with contributions ∝ λ2vs;
and through a trilinear soft breaking term, with contributions ∝ Tλ. In the decoupling
limit M2A M2Z the relevant couplings are given by:
Ch3H+H− ' Ch3h2h2 ' Ch3AA ' −i
[
g′2
(
cos2 βQ′Hu + sin
2 βQ′Hd
)
Q′Svs
+ vsλ
2 +
sin(2β)√
2
Tλ
]
; (3.3)
Ch3G+G− ' Ch3h1h1 ' Ch3G0G0 ' −i
[
g′2
(
sin2 βQ′Hu + cos
2 βQ′Hd
)
Q′Svs
+ vsλ
2 − sin(2β)√
2
Tλ
]
; (3.4)
Ch3H+G− ' Ch3h2h1 ' Ch3AG0 ' −i
[
g′2
sin(2β)
2
(
Q′Hu −Q′Hd
)
Q′Svs
− cos(2β)√
2
Tλ
]
. (3.5)
Since Mh3  v, at scale Mh3 SU(2)L is effectively unbroken. The couplings of h3 to two
members of the heavy doublet containing the physical states H±, h2 and A therefore are all
the same, see eq.(3.3), as are the couplings to the light doublet containing h1 and the would–
be Goldstone modesG0 andG±, see eq.(3.4); finally, eq.(3.5) describes the common coupling
to one member of the heavy doublet and one member of the light doublet. Of course,
the would–be Goldstone modes are not physical particles; however, again since Mh3  v
the production of physical longitudinal gauge bosons can to very good approximation be
described as production of the corresponding Goldstone states. This is the celebrated
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equivalence theorem [50].3
We find numerically that the ν˜R,1 relic density is minimized when h3 decays into two
members of the heavy Higgs doublet are allowed. From eqs.(2.19) and (2.20) we see that
this requires
√
2Tλvs
sin 2β
<
1
4
g′2
(
Q′S
)2
v2s ⇒ Tλ <
g′2 (Q′S)
2 sin 2β
4
√
2
vs . (3.6)
This implies that the singlet–like state is indeed the heaviest physical Higgs boson.
We can now define an effective final–state coupling C2 for the diagram shown in Fig. 2:
C2 =
√√√√2 |Ch3h2h2 |2
√
1− 4M
2
h2
M2h3
+ 2 |Ch3h1h1 |2 + 4 |Ch3h2h1 |2
(
1− M
2
h2
M2h3
)
. (3.7)
Here we have included the kinematic factors into the effective coupling, using the same mass
Mh2 for all members of the heavy Higgs doublet and ignoring Mh1 ,MW and MZ , which
are much smaller than Mh3 . The numerical coefficients originate from summing over final
states: H+H−, AA and h2h2 for the first term, where the last two final states get a factor
1/2 for identical final state particles; G+G−, G0G0 and h1h1 for the second term, again
with factor 1/2 in front of the second and third contribution; and G+H−, G−H+, G0A and
h1h2 for the third term.
Since the contribution from h3 exchange is accessible from an S−wave initial state, it
peaks for DMmass very close toMh3/2 where one needs quite small velocity to get exactly to
the pole s = M2h3 ; at such a small velocity, the Z
′ exchange contribution, which can only be
accessed from a P−wave initial state, is quite suppressed. As a consequence, near the peak
of the thermally averaged total cross section the h3 exchange processes always contributes
more than 90% to the total, whereas the Z ′ exchange contribution shrinks as we approach
the peak. The latter reaches its maximum at a larger difference between MZ′ and 2Mν˜R,1 ,
but its contribution exceeds 10% of the total only if 2Mν˜R,1 is at least 3% below MZ′ , or
else above the resonance. Note also that the annihilation into pairs of SM fermions via Z ′
exchange is completely determined by θE6 . In principle we could contemplate annihilation
into exotic fermions, members of 27 of E6 that are required for anomaly cancellation, as
noted in Sec. 2.1. However, the contribution from the SM fermions already sums to an
effective final state coupling which is considerably larger than the initial state coupling;
this helps to explain why the Z ′ contribution is always subdominant. Adding additional
final states therefore reduces the Z ′ exchange contribution to the ν˜R,1 annihilation cross
section even further. This justifies our assumption that the exotic fermions are too heavy
to affect the calculation of the ν˜R,1 relic density.
Finally, all other processes of the model contribute at most 1% to the thermally av-
eraged total cross section in the resonance region. This shows that the parameters that
3Due to the effective restoration of SU(2)L at scale Mh3 the total decay width of h3, which determines
the total annihilation cross section via h3 exchange, can still be computed from eqs.(3.3) to (3.5) even if
the decoupling limit is not reached; the dependence on the mixing between the CP–even states drops out
after summing over all final states.
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describe the rest of the spectrum are irrelevant to our calculation, as long as ν˜R,1 is the LSP
and sufficiently separated in mass from the other superparticles to avoid co–annihilation.
These parameters were therefore kept fixed in the numerical results presented below.
4 Numerical Results
We are now ready to present numerical results. We will first describe our procedure. Then
we discuss two choices for θE6 , i.e. for the U(1)′ charges, before generalizing to the entire
range of possible values of this mixing angle.
4.1 Procedure
We have used the Mathematica package SARAH [41–43] to generate routines for the precise
numerical calculation of the spectrum with SPheno [39, 40]. This code calculates by default
the pole masses of all supersymmetric particles and their corresponding mixing matrices
at the full one–loop level in the DR scheme. SPheno also includes in its calculation all
important two–loop corrections to the masses of neutral Higgs bosons [51–53]. The dark
matter relic density and the dark matter nucleon scattering cross section relevant for direct
detection experiments are computed with micrOMEGAS-4.2.5 [54]. The mass spectrum
generated by SPheno is passed to micrOMEGAS-4.2.5 through the SLHA+ functionality
[55] of CalcHep [56, 57]. The numerical scans were performed by combining the different
codes using the Mathematica tool SSP [58] for which SARAH already writes an input template.
SARAH can generate two different types of templates that can be used as input files
for SPheno. One is the high scale input, where the gauge couplings and the soft SUSY
breaking parameters are unified at a certain GUT scale and their renormalization group
(RG) evolution between the electroweak, SUSY breaking and GUT scale is included. The
other one is the low scale input where the gauge couplings, VEVs, superpotential and soft
SUSY breaking parameters of the model are all free input parameters that are given at a
specific renormalization scale near the sparticle masses, in which case no RG running to the
GUT scale is needed. In this template the SM gauge couplings are given at the electroweak
scale and evolve to the SUSY scale through their RGEs. The dark matter phenomenology of
a model in the WIMP context is usually well studied at low energies; moreover, acceptable
low energy phenomenology for both the U(1)ψ and the U(1)η model in the limit where
the singlet Higgs decouples works much better with nonuniversal boundary conditions [59].
Finally, a bound that is valid for general low–scale values of the relevant parameters will
also hold (but can perhaps not be saturated) in constrained scenarios.
In our work we therefore define the relevant free parameters of the UMSSM directly
at the SUSY mass scale, which is defined as the geometric mean of the two stop masses.
We created new model files for different versions of the UMSSM to be used in SARAH and
SPheno where all the U(1)′ charges are written in terms of the U(1) mixing angle θE6 using
eq.(2.1).
Our goal is to find the upper bound on the mass of the lightest RH sneutrino, and
therefore on MZ′ ' Mh3 . We argued in Sec. 3 that co–annihilation would weaken the
bound. We therefore have to make sure that all other superparticles are sufficiently heavy
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so that they do not play a role in the calculation in the relic density. The precise values
of their masses are then irrelevant to us. We therefore fix the soft mass parameters of the
gauginos and sfermions to certain values well above Mν˜R,1 ; recall from eq.(2.24) that this
implies an upper bound on the mass M4 of the U(1)′ gaugino. As noted in Sec. 2 we set
Yν = 0, since the small values of the neutrino masses force them to be negligible for the
calculation of the relic density. We also set most of the scalar trilinear couplings to zero,
except the top trilinear coupling Tt which we use together with tanβ and M3 to keep the
SM Higgs mass in the range 125±3 GeV, where the uncertainty is dominated by the theory
error [60]. Since we are interested in superparticle masses in excess of 10 TeV, the correct
value of Mh1 can be obtained with a relatively small value of tanβ, which we also fix.
As already noted in the previous Section, all relevant interactions of ν˜R,1 scale (either
linearly or quadratically) with the U(1)′ gauge coupling g′. Since our set–up is inspired by
gauge unification, we set this coupling equal to the U(1)Y coupling in GUT normalization,
i.e.
g′ =
√
5
3
g1 . (4.1)
Note also that the charges in Table 1 are normalized such that
∑(
Q′ψ
)2
=
∑(
Q′χ
)2
=
3
5
∑
Y 2, where the sum runs over a complete 27−dimensional representation of E6 [29].
We will later comment on how the upper bound on Mν˜R,1 changes when g
′ is varied.
Recalling that we work in a basis where the matrix m2
N˜C
is diagonal, with m2
N˜C ,11
being its smallest element, the remaining relevant free parameters are thus:
m2
N˜C ,11
, vs, λ, Tλ and θE6 . (4.2)
All these parameters are related to the extended sector that the UMSSM has in addition to
the MSSM. Since the mixing angle θE6 defines the U(1)′ gauge group, we want to determine
the upper bound on the mass of the lightest RH sneutrino as a function of θE6 . We will see
below that this will also allow to derive the absolute upper bound, valid for all versions of
the UMSSM.
From the discussion of the previous Section we know that the first two of the parameters
listed in (4.2) are strongly correlated by the requirement thatMν˜R,1 is close toMZ′/2. More
precisely, the minimal relic density is found if the RH sneutrino mass is very roughly one
h3 decay width below the nominal pole position, the exact distance depending on the
couplings C1 and C2; this shift from the pole position is due to the finite kinetic energy of
the sneutrinos at temperatures around the decoupling temperature [16].
The parameters λ and Tλ have to satisfy some bounds. First, requiring the mass of the
SU(2)L higgsinos to be at least 20% larger than MZ′/2 leads to the lower bound
λ > 0.85g′|Q′S | , (4.3)
where we have used eqs.(2.5) and (2.13). Moreover, Tλ has to satisfy the upper bound (3.6),
so that pairs of the heavy SU(2)L doublet Higgs bosons can be produced in ν˜R,1 annihilation
withMν˜R,1 'MZ′/2. Having fixed tanβ and Tλ, the effective final state coupling C2 defined
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in eq.(3.7) depends only on λ, which is constrained by eq.(4.3); fortunately this still leaves
us enough freedom to vary C2 over a sufficient range.
The bound on the lightest RH sneutrino mass for a given value of θE6 can then be
obtained as follows. We start by choosing some value of Mh3 ' MZ′ in the tens of TeV
range. Note that this fixes the coupling C1, since we have already fixed g′ and θE6 and hence
the charge Q′
NC
. We then minimize the relic density for that value of Mh3 by varying the
soft–breaking contribution to the sneutrino mass and λ; as noted in Sec. 3, the minimum
is reached when the physical RH sneutrino mass is just slightly below MZ′/2, and C2 is
close to the initial state coupling C1 of eq.(3.2). If the resulting relic density (Ωh2)1 is very
close to the measured value of eq.(1.1), we have found the upper bound on MZ′ and hence
on Mν˜R,1 . Otherwise, we change the value of Mh3 by the factor
√
0.12/(Ωh2)1, and repeat
the procedure. Since the minimal relic density to good approximation scales like M2h3 , see
eq.(3.1), this algorithm converges rather quickly.
4.2 The U(1)ψ Model
We illustrate our procedure first for U(1)′ = U(1)ψ, where the U(1)′ charge of the RH
sneutrinos is relatively small (in fact, the same as for all SM (s)fermions). We choose the
SUSY breaking scale to be 18 TeV and we fix tanβ = 1.0,M3 = 18 TeV, andm2Q˜ = m
2
U˜C
=
m2
D˜C
= 2× 108 GeV2 · 1, m2
L˜
= m2
E˜C
= 2.25× 108 GeV2 · 1,
(
m2
N˜C
)
22
= 2.2× 108 GeV2,(
m2
N˜C
)
33
= 2.3 × 108 GeV2. To keep Mh1 close to 125 GeV, the top trilinear coupling
took values in the following range Tu,33 = [−55,−33] TeV; recall that the physical squared
sfermion masses also receive D−term contributions, which amount to M2Z′/8 in this model.
In this model the two Higgs doublets have the same U(1)′ charge, and the product
Q′HuQ
′
S is negative. As a result, the λ
2 and the g′2 terms in the diagonal couplings given
in eqs.(3.3) and (3.4) tend to cancel, while the contribution ∝ g′2 to the off–diagonal cou-
plings given in eq.(3.5) vanishes. The contributions involving these off–diagonal couplings
are therefore subdominant. The largest contribution usually comes from final states involv-
ing two heavy SU(2)L doublet Higgs bosons, but the contributions from two light states
(including the longitudinal modes of the gauge bosons) are not much smaller. Moreover,
due to this cancellation we need relatively large values of λ; the numerical results shown
below have been obtained by varying it in the range from 0.32 to 0.46.
Figure 3a depicts the relic abundance of the RH sneutrino as a function of Mν˜R,1 for
different values of the mass of the singlet Higgs boson. All the curves show a pronounced
minimum when Mν˜R,1 is very close to but below Mh3/2. The blue and the green curves are
for vs = 59 TeV and thus have the same coupling C1 and (approximately) the same mass
of the singlet Higgs, but the blue curve has a smaller value of C2. This reduces the width
of h3 as well as the annihilation cross section away from the resonance, and therefore leads
to a narrower minimum.
In figure 3b we show the dependence of the relic density on the ratio of couplings C2/C1
for fixed mediator masses close to the resonance. This confirms our expectations from the
previous Section: if C2 is significantly larger than C1, the relic density increases with C2
because the increase of the mediator decay width over–compensates the increased coupling
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Figure (3) Relic density as a function of Mν˜R,1 (left) and its dependence on the ratio of
couplings C2C1 (right) for different singlet Higgs masses. The red lines correspond to the
limits on the dark matter abundance obtained by the Planck Collaboration, ΩDMh2 =
0.1188± 0.0010.
strength in the total annihilation cross section. If C2  C1 the width of the mediator is
dominated by mediator decays into ν˜R,1ν˜∗R,1; hence increasing C2 reduces the relic density
because it increases the normalization of the annihilation cross section. Note that the relic
density curve is fairly flat over some range of C2/C1. Moreover, the optimal choice of C2/C1
also depends somewhat on how far Mν˜R,1 is below Mh3/2. Altogether, for given Mh3 there
is an extended 1−dimensional domain in the (Mν˜R,1 , C2/C1) plane over which the relic
density is quite close to its absolute minimum. This simplifies our task of minimization.
Note also that we calculate the annihilation cross section only at tree–level; a change of
the predicted relic density that is smaller than a couple of percent is therefore not really
physically significant.
The parameters of the blue curve in Fig. 3b in fact are very close to those that maximize
Mν˜R,1 within the U(1)ψ model, under the assumption that ν˜R,1 was in thermal equilibrium
in standard cosmology. Mmaxν˜R,1 ' 11.5 TeV corresponds to an upper bound on Mh3 and MZ′
of about 23.0 TeV. This is clearly beyond the reach of the LHC, and might even stretch the
capabilities of proposed 100 TeV pp colliders.
Recall that all left–handed SM (anti)fermions have the same U(1)ψ charge. As a result,
in the absence of Z − Z ′ mixing the Z ′ff¯ couplings are purely axial vector couplings, for
all SM fermions f . Z ′ exchange can therefore only contribute to spin–dependent WIMP–
nucleon scattering in this model. Since our WIMP candidate doesn’t have any spin, Z ′
exchange does not contribute at all. Once Z−Z ′ mixing is included, Z exchange contributes
a term of order Mν˜R,1MN sinαZZ′/M
2
Z ∝ Mν˜R,1MN/M2Z′ to the matrix element for ν˜R,1N
scattering, while the mixing–induced Z ′ exchange contribution is suppressed by another
factor M2Z/M
2
Z′ ; here MN is the mass of the nucleon. There is also a small contribution
from the light SM–like Higgs boson h1, which is very roughly of order M2N/M
2
h1
. As a
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result the scattering cross section on nucleons is very small, below 10−13 pb for the scenario
that maximizes Mν˜R,1 . For the given large WIMP mass, this is not only several orders of
magnitude below the current bound, but also well below the background from coherent
neutrino scattering (“neutrino floor”).
4.3 The U(1)η Model
We now consider a value of θE6 with a larger U(1)′ charge of the right–handed neutrino
superfields. This increases the coupling C1 for given MZ′ , and thus the ν˜R,1 annihilation
cross section for given masses, which in turn will lead to a weaker upper limit on Mν˜R,1
from the requirement that the ν˜R,1 relic density not be too large.
In our analysis we therefore choose the SUSY breaking scale to be 50 TeV and we fix
tanβ = 2.2, and m2
Q˜
= 1.28× 109 GeV2 · 1,m2
U˜C
= 1.45× 109 GeV2 · 1, m2
D˜C
= 3.0× 109
GeV2 · 1, m2
L˜
= 3.0 × 109 GeV2 · 1, m2
E˜C
= 1.28 × 109 GeV2 · 1,
(
m2
N˜C
)
22
= −4.0 × 108
GeV2,
(
m2
N˜C
)
33
= −3.9 × 108 GeV2. To keep Mh1 close to 125 GeV, the top trilinear
coupling took values in the range Tu,33 = [−130,−114] TeV. In this case the U(1)′ D−term
contributions are positive for Q˜, u˜C and ν˜R, but are negative for L˜ and d˜C .
In this model the two Higgs doublets have different U(1)′ charges; hence there is a
sizable gauge contribution to the off–diagonal couplings of eq.(3.5). The Higgs doublet
charges again have the opposite sign as the charge of S, leading to cancellations between the
λ2 and g′2 terms in the diagonal couplings (3.3) and (3.4). This cancellation is particularly
strong for the coupling to two light states, so that for the interesting range of λ the most
important final states involve two heavy SU(2)L doublets, although final states with one
light and one heavy boson are also significant. Partly because of this, and partly because
the coefficients of the g′2 terms are smaller than in the U(1)ψ model, smaller values of
the coupling λ are required; the numerical results below have been obtained with λ ∈
[0.260, 0.352].
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 1.03, Mh3  56085.35 GeV and Mχ˜10  36261.40 GeV
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Figure (4) As in Fig. 3, but for the U(1)η model.
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In Fig. 4 we again show the dependence of the relic density on the mass of the lightest
RH sneutrino (left) and on the ratio of couplings C2/C1 (right). The qualitative behavior
is similar to that in the U(1)ψ model depicted in Fig. 3, but clearly much larger values of
Mν˜R,1 are now possible, the absolute upper bound being near 35 TeV (see the blue curves).
The corresponding Z ′ mass of about 70 TeV is definitely beyond the reach of a pp collider
operating at
√
s = 100 TeV
Since Q′Q = Q
′
UC
6= Q′
DC
in this model, there is no vector coupling of the Z ′ to
up quarks, but such a coupling does exist for down quarks. Hence now the Z ′ exchange
contribution to the matrix element for elastic scattering of ν˜R,1 on nucleons is comparable to
that of Z exchange once Z−Z ′ mixing has been included, and the h1 exchange contribution
has roughly the same size as in the U(1)ψ model. The total ν˜R,1N scattering cross sections
are again below 10−13 pb, for parameters near the upper bound onMν˜R,1 . Since our WIMP
candidate is now even heavier than in the U(1)ψ model, this is even more below the current
constraints as well as below the neutrino floor.
4.4 The General UMSSM
In this subsection we investigate in more detail how the upper bound on Mν˜R,1 depends on
θE6 . To this extent we have applied the procedure outlined in subsec. 4.1, and applied to
two specific U(1)′ models in subsecs. 4.2 and 4.3, to several additional U(1)′ models, each
with a different value of θE6 .
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Figure (5) The upper limit onMν˜R,1 derived from the relic density as a function of |Q′NC |.
The straight line shows a linear fit to the six numerical results.
The results are shown in Fig. 5, where we plot the upper bound on the mass of the
lightest RH sneutrino as a function of the absolute value of the product g′Q′
NC
. In order
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of increasing |Q′
NC
|, the six red points correspond to the following choices of θE6 :
{
arctan
√
15,
(
arctan
√
15 + pi2
)
2
,
pi
2
,
(
arctan
√
3
5 + arctan
[
7√
15
])
2
, arctan
√
3
5
,− arctan
√
5
3
}
.
Note that the first point has a vanishing U(1)′ charge for the NC superfields, i.e. the
resonance enhancement of the annihilation cross section does not work in this case. We
checked that the cross section for elastic ν˜R,1N scattering is well below the experimental
bound for all other points.
Evidently the upper bound on Mν˜R,1 scales essentially linearly with Q
′
NC
; recall that
g′ has been fixed to
√
5/3g1 here. This linear dependence can be understood as follows.
The h3ν˜R,1ν˜∗R,1 coupling can be written as g
′Q′
NC
MZ′ ' 2g′Q′NCMν˜R,1 . Moreover, we saw
above that the maximal sneutrino mass is allowed if the effective final–state coupling C2 is
similar to C1; it is therefore also proportional to Q′NC . Therefore at the point where the
bound is saturated, the h3 decay width scales like |C1|2Mh3 ∝ g′2(Q′NC )2Mν˜R,1 , where we
have again used that near the resonance all relevant masses are proportional toMν˜R,1 . Note
finally that for a narrow resonance – such as h3, for the relevant parameter choices – the
thermal average over the annihilation cross section scales like 1/(Mh3Γh3) [16]. Altogether
we thus have
〈σv〉 ∝ |C1C2|
2
Mh3Γh3M
4
ν˜R,1
∝ g
′2(Q′
NC
)2
M2ν˜R,1
. (4.4)
The linear relation between the upper bound on Mν˜R,1 and Q
′
NC
then follows from the fact
that the thermally averaged annihilation cross section essentially fixes the relic density.
Note that here Q′
NC
always comes with a factor g′; indeed, for a U(1) gauge interaction
only the product of gauge coupling and charge is well defined. The linear dependence of the
bound on Mν˜R,1 on Q
′
NC
for fixed g′ depicted in Fig. 5 can therefore also be interpreted as
linear dependence of the bound on the product g′Q′
NC
. A fit to the points in Fig. 5 gives:
Mmaxν˜R,1 = (0.071 + 113.477g
′|Q′NC |) TeV . (4.5)
This is the central result of our paper.
The highest absolute value of |Q′Nc | in the UMSSM is about 0.82, which is saturated
for θE6 = − arctan
[
1√
15
]
. Using the linear fit of eq.(4.5) and g′ =
√
5/3g1 = 0.47 leads to
an absolute upper bound on Mν˜R,1 in unifiable versions of the UMSSM of about 43.8 TeV.
This corresponds to an absolute upper bound on the Z ′ mass of about 87.6 TeV.
Finally, we recall from eq.(2.17) that for θE6 between − arctan
√
15 and 0 one needs
a negative squared soft breaking mass in order to have Mν˜R,1 ' MZ′/2. Since the NˆC
superfields appear in the superpotential (2.3) only multiplied with the tiny couplings Yν ,
this superpotential will not allow to generate negative squared soft breaking masses for
sneutrinos via renormalization group running starting from positive values at some high
scale. If we insist on positive squared soft breaking mass for all ν˜R fields the upper bound
on |Q′
NC
| is reduced to√5/8 ' 0.79, in which case the bound onMν˜R,1 is reduced to about
42 TeV. We note, however, that the NˆC superfields can have sizable couplings to some of
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the exotic color triplets that reside in the 27−dimensional representation [28]. Recalling
that at least some of these exotic fermions are usually required for anomaly cancellation it
should not be too difficult to construct a UV complete model that allows negative squared
soft breaking terms for (some) ν˜R at the SUSY mass scale.
4.5 Prospects for Detection
Clearly spectra near the upper bound presented in the previous subsection are not accessible
to searches at the LHC, nor even to a proposed 100 TeV pp collider.
As already noted for the U(1)η and U(1)ψ models the ν˜R,1 nucleon scattering cross
section is very small. The very large Z ′ mass suppresses the Z ′ exchange contribution; as
we saw in Sec. 2.3 it also suppresses Z−Z ′ mixing, so that the Z exchange contribution also
scales likeM−2Z′ . The contribution due to the exchange of the singlet–like Higgs boson (h3 in
our analysis) is suppressed by the very large value ofMh3 as well as the tiny h3qq¯ couplings,
which solely result from mixing between singlet and doublet Higgs bosons. Finally, the
contribution from the exchange of the doublet Higgs bosons, in particular of the 125 GeV
state h1, is suppressed by the small size of the h1ν˜R,1ν˜∗R,1 coupling, which is of order
g′v  Mν˜R,1 , as well as the rather small h1qq¯ couplings, which are much smaller than
gauge couplings. As a result, the ν˜R,1 nucleon scattering cross section, and hence the signal
rate in direct WIMP detection experiments, is well below the neutrino–induced background;
recall that this “neutrino floor” increases ∝Mν˜R,1 since the WIMP flux, and hence the event
rate for a given cross section, scales ∝ 1/Mν˜R,1 .
The best chance to test these scenarios therefore comes from indirect detection. Naively
one expects the cross section for annihilation from an S−wave initial state to be essentially
independent of temperature, in which case the correct thermal relic density implies 〈σv〉 '
2.4 · 10−26 cm3/s ' 0.8 pb · c [61, 62]. However, as pointed out in [63, 64] this can change
significantly in the resonance region; here the thermally averaged annihilation cross section
can be significantly higher in today’s universe than at the time of WIMP decoupling.
This is illustrated in Fig. 6 for the parameter choice that saturates the upper bound on
Mν˜R,1 in the U(1)η model. Here we show the thermally averaged ν˜R,1ν˜
∗
R,1 annihilation cross
section times relative velocity as function of the scaled inverse temperature x = Mν˜R,1/T .
4
We see that for a quite extended range of temperatures around the decoupling temperature,
〈σv〉 grows almost linearly with x. This is becauseMν˜R,1 is only slightly below the nominally
resonant valueMh3/2; by reducing the temperature the fraction of the velocity distribution
that falls within approximately one h3 decay width of the pole therefore at first increases.
Today’s relic density is essentially inversely proportional to the “annihilation integral”,
defined as [16]
J(xF ) =
∫ ∞
xF
〈σv〉
x2
dx . (4.6)
An annihilation cross section that grows significantly for x > xF therefore has to be com-
pensated by a smaller value of 〈σv〉(xF ) in order to keep the relic density constant. As a
4The total ν˜R,1 annihilation rate also receives a contribution from ν˜R,1ν˜R,1 → νν annihilation via
neutralino exchange in the t− and u−channels. However, since this contribution is not resonantly enhanced,
it can safely be neglected.
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Figure (6) Thermally averaged cross section as a function of the scaled inverse temperature
x ≡Mν˜R,1/T for the parameters of the U(1)η model that saturate the upper bound on the
sneutrino mass. Nominal decoupling occurs at x = xF = 27.2, whereas in today’s galaxies
x ∼ 106.
result, in our scenarios the annihilation cross section at decoupling is actually significantly
smaller than for typical S−wave annihilation.
Because for parameters that saturate the upper bound onMν˜R,1 the right-handed sneu-
trino mass is somewhat below Mh3/2, for very large x, i.e. very small temperature, the
thermally averaged annihilation cross section starts to decrease again. However, for the
parameters of Fig. 6 it asymptotes to a value that is still about three times larger than the
“canonical” thermal WIMP annihilating from an S−wave initial state. As shown in refs.
[63, 64] this enhancement factor strongly depends on 2Mν˜R,1 −Mh3 ; it can be even larger
for slightly smaller sneutrino masses that are even closer to Mh3/2.
The WIMP annihilation rate in today’s universe scales like the square of the WIMP
number density. This means that the flux of annihilation products scales like 1/M2ν˜R,1 ; for
parameters (nearly) saturating our upper bound on the sneutrino mass it is thus too small
to be detectable by space–based observatories like FermiLAT [65], simply because of their
small size. Recall also that our sneutrinos annihilate into (longitudinal) gauge or Higgs
bosons, and thus mostly into multi–hadron final states. This leads to a continuous photon
spectrum which, for parameters near the upper bound on the sneutrino mass, extends well
into the TeV region. Photons of this energy can be detected by Cherenkov telescopes on the
ground, via their air showers. Note also that the astrophysical cosmic ray background drops
even faster than E−2 with increasing energy E of the cosmic rays; the signal to background
ratio therefore actually improves with increasing WIMP mass. Indeed, simulations show
that at least for a favorable distribution of dark matter particles near the center of our
galaxy, the continuum photon flux of multi–TeV WIMPs annihilating with the canonical
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thermal cross section should be detectable by the Cherenkov Telescope Array [66].
5 Summary and Conclusions
In this paper we analyzed the UMSSM, i.e. extensions of the minimal supersymmetrized
Standard Model that contain an additional U(1)′ gauge group as well as additional right–
handed (RH) neutrino superfields which are singlets under the SM gauge group but carry
U(1)′ charge. We assume that U(1)′ is a subgroup of E6, which has been suggested as an
(effective) GUT group, e.g. in the context of early superstring phenomenology. In this case
the lightest RH sneutrino ν˜R,1 can be a good dark matter candidate.
We found that even within minimal cosmology, and fixing the U(1)′ gauge strength to
be equal to that of the hypercharge interaction of the (MS)SM (in GUT normalization), ν˜R,1
masses of tens of TeV are possible. For given U(1)′ charges the bound onMν˜R,1 is saturated
if ν˜R,1 can annihilate resonantly through the exchange of both the new Z ′ gauge boson and
of the new Higgs boson h3 associated with the spontaneous breaking of U(1)′; note that
MZ′ ' Mh3 automatically in this model. Scalar h3 exchange is more important since Z ′
exchange can only occur from a P−wave initial state. The h3ν˜R,1ν˜∗R,1 coupling is fixed by
the U(1)′ charge Q′
NC
of the right–handed neutrinos, but the h3 couplings to the relevant
final states can be tuned independently, allowing a further maximization of the annihilation
cross section. In our analysis we used SU(2)L doublet Higgs bosons as well as longitudinal
W and Z bosons as final states. While the light SU(2) doublet Higgs states, including
the longitudinal W and Z modes, are always accessible, we could have replaced the heavy
Higgs doublet in the final state by some exotic fermions which in most cases are required
to cancel anomalies. The only requirement is that the effective final state coupling of h3
should be tunable to values close to its coupling to ν˜R,1. Since the Z ′ exchange contribution
is basically fixed by θE6 , and non–resonant contributions are negligible for Mν˜R,1 ∼MZ′/2,
most of the many free parameters of this model, which describe the sfermion and gaugino
sectors, are essentially irrelevant to us. The only requirement is that these superparticles
are sufficiently heavy to avoid co–annihilation, which would increase the relic density in our
case.
We found that the final upper bound onMν˜R,1 is essentially proportional to the product
g′|Q′
NC
|, where g′ is the U(1)′ gauge coupling. Within the context of theories unifiable into
E6 this leads to an absolute upper bound on Mν˜R,1 of about 43.8 TeV. In other words, in
this fairly well motivated set–up we can find a thermal WIMP candidate with mass less
than a factor of three below the bound derived from unitarity [11]. This is to be contrasted
with an upper bound on the mass of a neutralino WIMP in the MSSM of about 8 TeV for
unsuppressed co–annihilation with gluinos [21]. In a rather more exotic model featuring a
WIMP residing in the quintuplet representation of SU(2) a WIMP mass of up to 9.6 TeV
is allowed [15].
Of course, this mechanism requires some amount of finetuning: the mass of the WIMP
needs to be just below half the mass of the s−channel mediator. We find that typically the
predicted WIMP relic density increases by a factor of 2 when the WIMP mass is reduced by
between 1 and 3% from its optimal value. In contrast, the recent proposal to allow thermal
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WIMP masses near 100 TeV via non–perturbative co–annihilation requires finetuning to
less than 1 part in 105 [22].
We also note that our very heavy WIMP candidates have very small scattering cross
sections on nuclei, at least two orders of magnitude below the neutrino floor. This shows
that both collider searches and direct WIMP searches are still quite far away from decisively
probing this reasonably well motivated WIMP candidate. On the other hand, we argued
that indirect signals for WIMP annihilation might be detectable by future Cherenkov tele-
scopes. Our analysis thus motivates extending the search for a continuous spectrum of
photons from WIMP annihilation into the multi–TeV range.
While the result (4.5) has been derived within UMSSM models that can emerge as the
low–energy limit of E6 Grand Unification, it should hold much more generally. To that end
g′|Q′
NC
| should be replaced by gχχφ/mφ, where χ is a complex scalar WIMP annihilating
through the near resonant exchange of the real scalar φ, gχχφ being the (dimensionful)
χχ∗φ coupling. In order to saturate our bound the couplings of φ to the relevant final
states should be tunable such that the effective final state coupling, which we called C2 in
Sec. 3, should be comparable to the initial–state coupling gχχφ. In this case the algorithm
we used to find the upper limit on Mν˜R,1 , see subsec. 4.1, can directly be applied to finding
the upper bound on Mχ. We finally note that Mχ can be increased by another factor of√
2 if χ is a real scalar.
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